Auditory outer hair cells can elongate and shorten at acoustic frequencies in response to changes ofplasma membrane potential. We show that this fast bidirectional contractile activity consists of an electromechanical transduction process that occurs at the lateral plasma membrane and can be activated and analyzed independently in small membrane patches inside a patch electrode. Bidirectional forces are generated by increases and decreases in membrane area in response to hyperpolarization and depolarization, respectively. We suggest that the force generation mechanism is driven by voltage-dependent conformational changes within a dense array of large transmembrane proteins associated with the site of electromechanical transduction.
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Mammalian outer hair cells (OHCs) generate high-frequency mechanical forces (1) (2) (3) (4) that may refine the micromechanics of the basilar membrane (5-7). The mechanism of force generation is distributed along the lateral cell cortex (8) , activated by changes ofplasma membrane potential (4, 9, 10), and not directly dependent upon ATP (1) .
Current models of force generation implicate all three of the main components of the lateral cortex, including the cortical cytoskeletal lattice (11, 12) , the cortical endoplasmic reticulum, known as the lateral cisternae (3, 13) , and the plasma membrane (14) . The cortical lattice is a twodimensional cytoskeleton that lies about 25 nm beneath the plasma membrane (11, (15) (16) (17) . It is constructed from 5-to 7-nm circumferential filaments that are cross-linked at regular intervals by thinner filaments 60-80 nm long. The crosslinks are aligned longitudinally with respect to the cell, and the possibility that they could generate charge-dependent length changes made them good candidates for the independent motor elements (11, 18) . A quite different model is based upon the lateral cisternae, which lie immediately beneath the cortical lattice (19) (20) (21) . In this model the cisternae form an essential component of a mechanism based upon electroosmosis (3, 13) . Mechanisms proposed in association with the plasma membrane include changes of surface tension (8) and of surface charge (14) . The plasma membrane almost certainly contains the voltage-sensitive part of the motor because the membrane potential field is practically limited to the lipid bilayer (22) . Gating currents recorded from the membrane have a similar time course to length changes in isolated cells and may reflect electrical charge movements associated with voltage-sensitive membrane proteins (12, 22) .
We now provide physiological evidence that the motor elements are located in the lateral plasma membrane and that they can be driven independently in isolated patches of plasma membrane observed inside the tip of a patch electrode. In conjunction with data from freeze-etching electron microscopy this evidence suggests that high-frequency forces are generated by conformational changes in a tightly packed array of voltage-sensitive, transmembrane proteins. Such a mechanism represents a form of membrane-based cell motility.
MATERIALS AND METHODS Preparation of OHCs. Guinea pigs were decapitated following anesthesia with carbon dioxide. The bullae were removed and the cochlear spiral was dissected in Leibowitz L-15 cell culture medium. The organ of Corti was dissected from the cochlear spiral with a fine needle and dissociated mechanically by reflux through a pipette tip. The cells were allowed to settle in a 50-bI droplet of L-15 for 30 min on a clean glass coverslip.
Light Microscopy. An inverted Zeiss Axiomat microscope equipped with an internally corrected 10Ox, 1.3 numerical aperture (n.a.) planapochromatic objective was used in the differential interference contrast mode. The aperture ofa 0.63 n.a. condenser was fully illuminated with a 100 W Hg lamp aligned for critical illumination (32 tTo whom reprint requests should be addressed.
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to pH 7.3 with KOH (8) . Trypsin was purchased from Calbiochem. RESULTS OHCs isolated from the guinea pig cochlea are cylindrical with a uniform diameter of about 10 am (Fig. la) . Our experiments were conducted on cells isolated from the full length of the cochlea, with cell length ranging from 20 to 90 ,u. Cell length changes ( Fig. 1) were evoked by changing membrane potential via a patch electrode in the whole cell, voltage clamp mode applied to any point along the basolateral membrane (4, 8, 9) .
To test the theory that forces are generated in the plasma membrane we disrupted the lateral cisternae and the cortical lattice in isolated OHCs by internally perfusing the cytoplasm with trypsin through a patch electrode. The sensitivity of the lattice to trypsin digestion was previously estimated from demembranated cells extracted with 2.5% Triton X-100 in low salt buffer (17) . Unextracted cells were perfused with trypsin at 150 pug/ml for up to 40 min to maximize the probability of intracellular digestion. Formation and maintenance of the gigaohm seal condition throughout the length of these trypsin injection experiments were difficult. Perfusion amplitude of the movement is cumulative and increases proportionally to the distance to the point at which the cell is attached to the pipette. No relative displacements were detected at the basal (synaptic) region ofthe cell, which appears to move consistently as a unit.
The cumulative nature of the response along the lateral wall and the absence of movement in the basal region of the OHC has been previously reported (8, 18) . injection would have raised the intracellular trypsin concentration by up to 15 pg/ml. This exchange was repeated 5-10 times and intracellular digestion was followed for at least 40 min in 11 cells. The sequence of structural changes that characterize the intracellular disruption by the trypsin was distinctively apparent in the video images and was similar in all cells that were analyzed.
Before the intracellular trypsin digestion the cells were cylindrical, with the nucleus and other organelles in defined positions in the cytoplasm. The lateral wall complex consisting of the plasma membrane, the lateral cisternae, and the connecting cortical lattice (11-13, 16, 17) could be seen in the video images as a highly birefringent line. Often the lateral cisternae near the patch pipette detached and separated from the plasma membrane while the trypsin solution was being injected into the cell. During the first 10 min of a typical perfusion the cell progressively lost its shape (Fig. 2a) (Fig. 2b) . Despite this progressive intracellular destruction voltage pulses continued to evoke pronounced changes of cell shape. Measurements of length changes in the membrane profile ofthe cell were done by tracing the position of debris of the synaptic terminals or of the Deiter cells still attached to the cell surface (Fig. 2c) . Alternating membrane potential changes from +20 to -140 mV generated length changes of 5-6%, equivalent to those in normal cells (Fig.  2c) . After 30-40 min these length changes were undiminished. Subsequent removal of the plasma membrane with 2.5% Triton X-100 showed no trace of the cortical lattice. If it had been present, it would have been conspicuous in images produced by video-enhanced microscopy (17) . The dense actin networks in the stereocilia and cuticular plate did not show disaggregation within the 30-40 min of the experiment, probably reflecting limited diffusion rates in this part of the cell.
The behavior of membrane patches and the cellular distribution of the electromechanical transduction mechanism were studied by observing cell-attached patches with videoenhanced light microscopy. Patch electrodes with tip diameters of 1-2 Am and resistances of about 3-6 MU were attached to the cell membrane to form gigaohm seals (5-15 GQ). These high-resistance seals remained constant throughout the experiment. Membrane potential was then alternated at 1-30 Hz as a square wave between a hyperpolarization and a depolarization of 80 mV from the holding potential (Fig. 3) . The profiles of patches from any part of the lateral cell membrane were reversibly displaced inside the electrode in step with the command potential. Detailed analyses of videorecorded images showed that only 3 of 45 patches (one patch per cell) positioned along the lateral surface of the OHCs did not respond with measurable changes. The direction of the displacement depended upon the initial profile of the patch. If it was either concave or convex, then hyperpolarization accentuated the curvature, whereas depolarization reduced it. If the profile was initially flat, then following hyperpolarization it usually became concave or convex, but in some cases it buckled. During these observations the cell did not change shape. These results indicate that the electromechanical process that produces cell length changes can be activated locally along the lateral plasma membrane. The analyses of the dynamic video images provide convincing evidence that the membrane patches increase and decrease in surface area during hyperpolarization and depolarization, respectively (Fig. 3) .
Patches derived from the basal, synaptic end of the OHC did not respond to changes of membrane potential. (d and e) . The location where the sealed patch meets the inner surface of the pipette was, however, difficult to determine directly due to the 400 angle the pipette forms with the image plane and also due to the intense birefringence of the glass. We thus indirectly determined the border as crossing points of the arcs obtained by extrapolating the membrane profiles. From this analysis, the heights h, h', . . . of the arcs and the inner radius r of the pipette were obtained. The relative area change AS/S of the membrane patch can be determined from the generic formula S = ir(r2 + h2). The change in the membrane area was 6.3% for d and 3.3% for e. To show the response to voltage waveforms (bottom traces), the displacements of the center of the arc (patch d and e) in the pipette's axial direction was plotted (g and h, respectively).
In the mode in which the center did not move (f), the movements of the two loops were plotted (i). Images of the freeze-fractured protoplasmic face of the lateral plasma membrane between the apical tight junction belt and the level of the nucleus revealed a very high density of intramembrane particles (Fig. 4a) . This area corresponded to the region of electromechanical transduction. Low-angle rotary shadowing of the true outer surface of the membrane emphasized a regular array of large, closely packed particles. This array resisted partial extraction of the membrane lipid with Triton X-100, a treatment that displayed individual particles more distinctly above the cortical cytoskeletal lattice (Fig. 4b) . The array of particles was relatively regular; however the shape of each particle was difficult to determine in the replicas. The bulk portion of the particles had a diameter that ranged from 11 to 15 nm; however, platinum grains covering individual particles in the replica produced an irregular apparent diameter of up to 20 nm. The measured center to center distance between the particles in the array was 20.0 ± 0.2 nm (n = 50), which gives a spatial density of about 2500 per ,m2.
DISCUSSION
Previous experimental evidence has shown that the mechanism offorce generation in OHCs lies along the lateral cortex (8, 18) . Our experiments with trypsin suggest that it is specifically located in the lateral plasma membrane. Intracellular perfusion with trypsin extensively disrupted the lateral cisternae and the cortical lattice without inhibiting electromechanical transduction. The lateral cisternae are, therefore, unlikely to form an essential part of the mechanism. Furthermore, they are not electrically coupled to the plasma membrane (4) , and their structural sensitivity (20) and variability (23) are inconsistent with the very robust nature of the motor (8) .
The cortical lattice is also unlikely to act as a force generator. The intracellular concentration of trypsin was around 1000 times that required to digest the isolated lattice (17) , and extraction of perfused cells with detergent provided direct evidence for intracellular digestion of the lattice. The lattice may be composed of the protein spectrin (11) , which is particularly sensitive to trypsin digestion (24) . Trypsin has often been applied extracellularly at concentrations of about 1 mg/ml to help dissociate hair cells from the organ of Corti prior to studies of high-frequency length changes. Since it apparently fails to inhibit the response from either side of the membrane, the mechanism must be well protected within the lipid bilayer. Thus it would be ideally located to sense and respond rapidly to the potential field across the bilayer without the need to pass information to more distant structures such as the lattice. This is an important feature for a system that operates at such high frequencies.
Electrically stimulated displacements of membrane patches show that the motor elements can be activated independently in small membrane areas selected at random in the plane of the membrane rather than "elementary circumferential rings" along the cell axis (18) . Because the direction of membrane displacements depended on their initial configuration and because no displacements were observed at the synaptic end of the OHC, the response is unlikely to be caused by bulk fluid flow generated by the electric field inside the pipette. Thus we conclude that hyperpolarization leads to an increase in the surface area of the lateral plasma membrane, whereas depolarization leads to a decrease in the surface area.
Earlier freeze-fracture images of the lateral plasma membrane of OHCs revealed an unusually high concentration of intramembrane particles that were not observed in inner hair cells (25) . The (26, 27) and gap junctions (28, 29) that these are realistic mechanisms. Conformational changes of voltage-gated ion channels are associated with gating currents, which reflect the displacement of fixed charges across the membrane (26) . In OHCs a similar movement of charges is associated with the changes of cell length (12, 22) . The estimated maximum number of elementary charge movements varies from about 1000 per lzm2 (12) (22) . Assuming the density of voltagesensitive particles in the array to be 2500 per ,um2 the estimated number of charges moved per particle would be 0.4-1.6, a range similar to that in voltage-gated ion channels (30, 31) .
Membrane area changes and force generation may result from the cumulative (in series) action of the large number of elementary, independently activated, voltage-sensitive motors along the lateral plasma membrane. There is no evidence for specific interactions (33) between the large intramembrane particles, but the fact that their regular packing can resist Triton extraction suggests that they may be structurally linked. Furthermore, the array of membrane particles was not readily detached from the cortical cytoskeletal lattice by the Triton treatment (Fig. 4) . The lateral plasma membrane is visibly connected to the cortical lattice by periodic protein pillars about 25 nm long (19) . These pillars are attached only to the thicker, circumferentially oriented filaments of the lattice and not to the thinner, more elastic cross-links (11) . Consequently, forces generated in the membrane should be constrained by a functionally anisotropic sheet whose stiffness is greater circumferentially than it is longitudinally (Fig.  5) . Thus the intact cell is predisposed to change length rather than diameter. The magnitude of the change of surface area of patched membranes was calculated to be maximally 6-8%, which can account for the area change required to change cell length by 5%. The present study does not establish whether the membrane area changes are isotropic or anisotropic. The fact that the cell continues to change length after the trypsin digestion of the cortical lattice suggests that the membrane changes are anisotropic. FIG. 5. Diagram in which an image of the etched particles from the plasma membrane is superimposed upon a diagram (11, 15, 16) of the cortical cytoskeletal lattice. Pillars (p) link the particles to the circumferential filaments (cf). Circumferential filaments are crosslinked by thinner, more elastic filaments up to 80 nm long, which are aligned with the longitudinal axis of the cell. Forces produced in the plane of the plasma membrane are thus directed along the axis of the cell to generate length changes.
In conclusion, the model we propose for the highfrequency mechanism of OHC motility involves a voltagesensitive force generator that lies in the lateral plasma membrane. The specialized cortical cytoskeleton that lies beneath it is adapted to maintain the cylindrical shape of the cell and may ensure that forces produced in the membrane lead to changes of cell length.
